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C oncen tra tion  fo r  2 .5  M inute In cu b a tio n s  ....................................  35
13. Lineweaver-Burk P lo t o f  M alonaldehyde Formed and Amount
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CHAIN-SCISSION OF MICROSOMAL PHOSPHOLIPIDS OCCURRING 
DURING THE ENZYMIC OXIDATION OF NADPH;
REACTION MECHANISM AND PRODUCTS
CHAPTER I 
INTRODUCTION
V e s ic u la r  p a r t i c l e s  (microsomes) formed from the  endoplasm ic 
re ticu lu m  o f l i v e r  upon hom ogenization c o n ta in  a v a r ie ty  o f "mixed
fu n c tio n "  o x id a se s ,  which are  concerned w ith  th e  m etabolism  o f norm al
m e ta b o lite s  such as  s te r o id  h y d ro x y la tio n ; and a lso  w ith  su b stan ces  
fo re ig n , and o f te n  to x ic ,  named " x e n o b io tic s ,"  to  th e  m e tab o lic  netw ork , 
such as a ro m a tic  h y d rocarbons, m ethylated  a lk a lo id s ,  and o th e r  d rugs. 
These "mixed fu n c tio n  o x id a se s"  conform to  th e  g en e ra l r e a c tio n :
NADPH + H+ + R-H + Ô -̂ -̂NAD"*" + R-OH H- H^O.
These o x id ases  inv o lv e  an e le c tro n  tr a n s p o r t  chain  in  the
endoplasm ic re tic u lu m , on ly  some of the components o f which have been 
i s o la te d  and p a r t i a l l y  c h a ra c te r iz e d . Two cytochrom es unique to  the  
cy top lasm ic re tic u lu m , bg and P^gQ, have been  i s o la te d  and t h e i r  
p ro p e r t ie s  have been dem onstrated  to  be d i s t i n c t  from th o se  found in  
m ito ch o n d ria . A lso , f la v o p ro te in s  th a t o x id iz e  reduced p y rid in e  
n u c le o tid e s  have been i s o la te d  and e x te n s iv e ly  s tu d ie d ,  and an o th e r
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cytochrom e s tu d ie d  by Mason (1 9 ) , c a l le d  "Fe-X" has been i s o la te d  and i s  
b e lie v e d  to  fu n c tio n  in  a  manner analogous to  th a t  o f cytochrome a  o r a^ 
o f th e  m itochondrion . The r a t e  o f  e le c tro n  flow , as m easured by v a rio u s  
e le c t r o n  a c c e p to rs , appears to  be approx im ate ly  o f  eq u a l m agnitude in  
m ito ch o n d ria  and microsomes.
The r e la t io n s h ip s  betw een the components o f th e  m icrosom al 
e le c t r o n  tr a n s p o r t  system  have been  e s ta b l is h e d  by (a ) s tu d ie s  o f the 
e f f e c t s  of v a rio u s  e le c tro n  a c c e p to rs  and i n h i b i to r s ,  (b) s tu d ie s  of th e  
appearance of v a rio u s  enzymic a c t i v i t i e s  in  the develop ing  l i v e r ,  and 
(c ) s tu d ie s  of the r a te s  o f in d u c tio n  o f th e  components by d ru g s . These 
s tu d ie s  in d ic a te  the  fo llo w in g  e le c tro n  t r a n s p o r t  scheme, w hich i s  a 
com posite o f tho se  g iven by S iek e w itz , E m s te r ,  and Mason and S a ta  (35, 
25 , 19 , 24):
NADH-----------► -F----------- 3̂ - X ---------^  c y t .  bg
P R-H
V l
NADPH ^ F ---------- ► ? --------- cytochrome F
P JtR-OH
HgO^
At th e  p re se n t time th e re  appear to  be two d i s t i n c t  e le c tro n  t r a n s p o r t  
c h a in s ,  one u t i l i z i n g  NADH and th e  o th e r  u t i l i z i n g  NADPH.
In  th e  pathway o f m icrosom al e le c tro n  t r a n s p o r t  fo r  cytochrome 
P^SQ re d u c tio n  and th e  a c t iv a t io n  of oxygen in  "mixed fu n c tio n  o x id ases"  
th e  r e la te d  r e a c tio n  of l i p id  p e ro x id a tio n  has been d e sc r ib e d . This 
r e a c t io n  was f i r s t  d e sc rib e d  by H ochste in  and E m s te r  and has been  more 
e x te n s iv e ly  in v e s t ig a te d  by o th e rs  a lthough  in  no case  was any study  of 
l i p i d s  perform ed in  o rd e r  to  v e r i f y  the  n a tu re  o f e x te n t  o f  o x id a tio n .
I t  was found th a t  when reduced n ico tin am id e  adenine d in u c le o tid e
phosphate (NADPH) was added to  r a t  l i v e r  microsom es, the  consumption of 
oxygen was g re a tly  enhanced by the p resen ce  o f  f e r r i c  iro n  and pyro­
p h o sp h a tes , w ith the concom itant occurrence o f  l i p i d  p e ro x id a tio n , as 
evidenced by th e  fo rm ation  of a th io b a r b i tu r i c  a c id - re a c t in g  su b s tan ce , 
which was b e lie v e d  to  be m alonaldehyde. As th e  r e s u l t  o f s tu d ie s  o f the 
e f f e c t s  o f v ario u s  e le c tro n  a c c e p to rs , e le c tro n  ch a in  b lock ing  a g e n ts , 
c h e la t in g  ag en ts , d ru g s, and a n t i-o x id a n ts  ( f r e e - r a d i c a l  trap p in g  agen ts) 
s e v e ra l  p ro p o sa ls  were advanced fo r  th e  mechanism o f the  in te r a c t io n  o f 
th e  observed  l i p id  p e ro x id a tio n  w ith  th e  m icrosomal e le c tro n  t r a n s p o r t  
system .
The f i r s t  mechanism to  be proposed was th a t  o f H ochstein  and 
E m s te r  (13) (F ig . 1) and was based on th e  o b se rv a tio n  th a t  a th io ­
b a r b i t u r i c  ac id  (TBA) re a c tin g  chromogen, b e lie v e d  to  be the r e s u l t  o f
2+
ASCORBATE *-F eO g
LIPID -L IP ID -0 .






l i p i d  p e ro x id a tio n , could  be p rev en ted  by th e  m e ta l c h e la t in g  agen t EDTA, 
s e v e ra l  a n ti-o x id a n ts  such as d ipheny lpheny lenecliam ine  and to c o p h e ro l, 
and p a ra -ch lo ro m ercu rib en zo a te  which i s  an in h ib i to r  o f  microsom al 
e le c t ro n  t r a n s p o r t ;  and in a c t iv a t io n  by h e a t tre a tm e n t. They a ls o  
observed th e  nonenzymic fo rm ation  of a TBA-reacting su b stan ce  in  the 
p resence  o f a sco rb ic  a c id ,  w hich was found to  be in h ib i te d  only by EDTA 
and th e  a n t i - o x id a n ts ,  bu t n o t by th e  e le c tro n  t r a n s p o r t  in h ib i to r s .
T h is a c t i v i t y  was n o t h e a t  s e n s i t i v e .  On th e  b a s is  o f  th e se  r e s u l t s  
th ey  proposed fo r  bo th  the  i r o n - c a ta l iz e d  o x id a tio n  o f  a sc o rb a te  (a) and 
the  NADPH oxidase system  (b) th e  form ation  o f an (ADP-Fe^^Og) in te rm e­
d ia te  which c a ta l iz e d  th e  l i p i d  p e ro x id a tio n .
S ubsequently , O rre n iu s , D a lln e r , and E m s te r  (2 5 ) , dem onstrated 
th a t  drugs undergoing o x id a tiv e  dém éth y la tio n , such as aminopyrene and 
co d e in e , in h ib i te d  th e  fo rm ation  of the  TBA -reacting chromogen. They 
in te r p r e te d  th is  r e s u l t  as a  co m p e titio n  between th e  p ro c e ss  o f l i p i d  
p e ro x id a tio n  and th a t  o f  drug d ém éthy la tion  f o r  a common NADPH-oxidizing 
enzyme (F ig . 2 ) . They proposed th a t  a p y ro p h o sp h a te -iro n  complex (ADP- 
Fe) in te r a c te d  w ith  th e  e le c tro n  tr a n s p o r t  system  o f th e  NADPH-oxidizing 
m icrosom al system  and c a ta ly z e d  l i p i d  p e ro x id a tio n . L a te r ,  B eloff-C hain  
e t  (2) ,  by s tu d y in g  the  in terdependence  o f th e  e f f e c t s  of Fê "*" and 
Fe3+, ADP, and an tim ycin  A on th e  microsomal l i p i d  p e ro x id a tio n , and by 
m easuring the  redox s t a t e  o f th e  microsomal cytochrom e b g , reduced by 
NADPH in  th e  presence o f th e  above re a g e n ts , p roposed  (F ig . 3) th a t  th e  
m icrosom al e le c tro n  t r a n s p o r t  system  a c t iv a te d  by ADP reduced Fe^^ to  
Fe^+, which i s  then  re s p o n s ib le  fo r  the  observed l i p i d  p e ro x id a tio n .
Marks and Hecker (18) observed th a t  Fe^^ a t  low c o n c e n tra tio n  (10“  ̂ M)
c a ta ly z e d  th e  NADPH-oxidase l i p i d  p e ro x id a tio n , b u t th a t  th e  l i p id  p e r­
o x id a tio n  became nonenzymic and independent of NADPH a t  h ig h e r  Fê "*" 
c o n c e n tra tio n s  (10“  ̂ M). They proposed th a t  the (10"^ M) e f f e c t
was id e n t i c a l  to  th a t  proposed by H ochstein and E m s te r  (above), w h ile  
the  nonenzymic Fe^+ (10~^ M) e f f e c t  resem bled th a t  proposed by B elo ff- 
Chain e t  a l .  (above).
RCH RH -I- H gC O
TPN H —► Fp 
-A D P-F*.
LIPID IIPL IP ID -O j— ► C H jIC H O )
F igu re  2
NADPH, cytochrome bg
(an tim ycin  A
in h ib i t io n )
slowf a s t
3+
(a c t iv a te d  by ADP)
l ip id  p e ro x id a tio n  
F ig u re  3
"L ip id  p e ro x id a t io n ,"  in  v i t r o , has been s tu d ie d  in  model 
system s fo r  s e v e ra l  y e a rs  and some, a lth o u g h  not a l l ,  o f th e  b a s ic  
p ro p e r t ie s  and mechanisms invo lved  in  such system s a re  known. "L ip id  
p e ro x id a tio n "  i s  though t to  be an a u to c a ta ly t ic  s e r ie s  of r e a c t io n s  (8) 
in v o lv in g  a f r e e  r a d ic a l  mechanism:
H
(a) R— C = C —C—C=C—R
H H H H H
i
(b) R—C=rC—C— C=C—R
H H H H H
[■
R— C — C — C—C — C—R 
H H H H H H
(c) R—C—C=C— C=C —R o r R—C = C —C = C —C—R 
H H H H H  H H H H H
0 - 0 0 - 0
(d) R—C— C =  C—C =C —R o r R—C = C —C=C—C—R 
H H H H H  H H H H H
H—0 — 0 R^-K R _H 0 -  0-H
1
(e) R—C—C =C —C=C—R o r R—C =C—0 = 0 —C—R + R ;
H H H H H
+r :
y
H H H H H  
C -  C Chain S c is s io n
a ld eh y d es , k e to n e s , a lc o h o ls ,  c a rb o x y lic  a c id s , 
th e  i n i t i a l  even t b e in g  th e  a t ta c k  o f a m ethylene group o f a m ethylene- 
in te r ru p te d  (1 ,4 - )  p en tad ien e  s t r u c tu r e  ( a ) .  This forms a  raethine 
r a d ic a l  H— C* (b) which in  th e  d iene environm ent s h i f t s  to  th e  more 
s ta b le  (low er energy s t a t e )  co n jugated  1 ,3  d ien e  r a d ic a l  c o n f ig u ra tio n
( c ) . This d iene  f r e e - r a d i c a l  i s  capab le  of in t e r a c t in g  w ith  m olecu lar 
oxygen to  form a peroxy r a d ic a l  ( d ) , which can then  a t ta c k  an o th e r 1 ,4 -
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p en tad ien e  s t r u c tu re d  m olecule (R-H) to  form a con jugated  d iene hydro­
p ero x id e  (e) and an o th e r con jugated  d ie n e  r a d ic a l  (c) g iv in g  r i s e  to  a 
c h a in  r e a c t io n  p ro c e ss . In  a d d itio n  r a d ic a ls  may i n t e r a c t  to  form 
c h a in - s c i s s io n  p ro d u c ts . The co n jugated  d ien e  hydroperoxides have been 
c h a ra c te r iz e d  as in te rm e d ia te s  in  t h i s  p ro c e ss  by P r iv e t t  and o th e rs  (7 , 
8 , 2 9 ). However, n o th in g  i s  known concern ing  th e  mechanism of th e  fo r ­
m ation  o f th e  ca rb o n y l p roducts  from th e  con jugated  d iene hydroperox ides 
o r th e  c leavage  o f th e  carbon-carbon bonds n ece ssa ry  f o r  th e  fo rm ation  
o f th e  ca rb o n y l p ro d u c ts .
I t  i s  s ig n i f i c a n t  th a t  fo r  th e  1 ,4 -p e n ta d ie n e  system  w ith  only  
one CH2 group between two e th y len e  g ro u p s, no carbon-carbon bond ch a in -
s c is s io n  o ccu rs  which produces th e  3 carbon d ia ld eh y d e , malonaldehyde 
0 0
H-C-CH2-C-H. For th e  case of a more u n sa tu ra te d  m e th y le n e - in te rru p te d  
compound, which may be  regarded  as an exam ple o f the  n ex t h ig h e r  homo­
lo g u e , such as l i n o l e i c  ac id :
C- - C— CH2™— C C CH2 —
9 10 11 12 13 14 15 16
i t  would be p re d ic te d  from the  above mechanism th a t  m ono-hydroperoxides 
would b e  formed a t  C-numbers 9 , 13, 14, and 16. These fo u r mono­
hy d roperox ides  have indeed been found. A lso , m u ltip le  carbon-carbon  
c h a in - s c is s io n  produced carbonyl compounds a re  formed. I t  i s  e s p e c ia l ly  
notew orthy  th a t  p e ro x id a tio n  o f  th i s  homolog forms m alonaldehyde as a 
p ro d u c t o f th e  m u ltip le  carbon-carbon c h a in - s c is s io n  decom position re ­
a c t io n s ,  as w e ll as a  number o f o th e r  ca rb o n y l compounds, in c lu d in g  
co n jugated  d ie n ea ld e h y d es . H igher hom ologs, such as a ra c h id o n ic  o r  
docosapen teno ic  a c id  e x h ib it  even g r e a te r  s u s c e p t i b i l i ty  to  f r e e  r a d ic a l
8
a t ta c k ,  e s p e c ia l ly  in  the p resen ce  of m o lecu la r oxygen, and a lso  form 
m alonaldehyde and complex m ix tu res  of carbony l p roducts  as a r e s u l t  o f 
carbon-carbon c h a in - s c is s io n ,  in c lu d in g  con jugated  d ienealdehydes.
M alonaldehyde r e a c ts  w ith  2 - th io b a r b i tu r ic  ac id  (TBA) to  form 
the fo llo w in g  chromogen (34 , 36, 37):
H. p ‘  o , H
s /  y  V
hH
This chromogen has a maximum absorbance a t  532 my and i s  used as an 
index o f  l i p id  p e ro x id a tio n . However, con jugated  dienealdehydes a lso  








having a maximum absorbance a t  532 my b u t which has a much low er molar 
absorbance.
The purpose o f t h i s  s tudy  was: (1) to  determ ine what p roducts
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formed d u rin g  th e  p ro cess  o f l i p i d  p e ro x id a tio n  re a c t  w ith  2- th io b a r ­
b i t u r i c  a c id  to  form a chromogen abso rb in g  a t  532 mp, (2) to  determ ine 
w hether o r no t Fe^* i s  a c o fa c to r  in  th e  p ro cesses  o f l i p i d  p e ro x id a tio n , 
(3) to  determ ine th e  e f f e c t s  o f in h ib i to r y  su b s ta n c e s , such as m e ta l l ic  
io n s  and f r e e  r a d ic a l  tra p p in g  compounds, on l i p i d  p e ro x id a tio n , and (4) 
to  compare the  p ro p e r t ie s  of nonenzymic l i p i d  p e ro x id iz in g  system s w ith  
th a t  o f th e  enzymic NADPH-requiring l i p i d  p e ro x id a tio n .
CHAPTER I I  
MATERIALS AND METHODS 
M a te r ia ls  
Animals
A dult male a lb in o  r a t s  (180-250 g ) , b red  and m ain ta ined  in  th i s  
la b o ra to ry , were used in  these  ex p erim en ts . These r a t s  were o r ig in a l ly  
deriv ed  from the Holzman-Sprague Dawley s t r a i n  and a re  now h ig h ly  in b re d . 
Animals were w atered w ith  d i s t i l l e d  w a te r  and fed  e i t h e r  a  commerical 
p e l l e t  d ie t  o r  a s y n th e t ic  d ie t  d e sc rib e d  below.
M a te ria ls  fo r  D ie ts  
C asein , v itam in s  (excep t a - to c o p h e ry l a c e ta t e ) ,  cod l i v e r  o i l  
and A lphacel (a p u re , powdered c e l lu lo s e  added fo r  bu lk) were o b ta in ed  
from N u tr i t io n a l  B iochem icals C o rp o ra tio n , C leveland , Ohio. S trip p ed  
la rd  (a - to c o p h e ro l and o th e r  v o l a t i l e  m a te r ia ls  removed by m olecu lar 
d i s t i l l a t i o n ) , a - to c o p h e ro l and a - to c o p h e ry l a c e ta te  were ob ta ined  from 
D i s t i l l a t i o n  P roducts I n d u s tr ie s ,  R o ch es te r, New York.
E xperim ental D ie ts  
g -T o co p h e ro l-d e fic ien t d i e t s . The experim en ta l d ie t  used was 
th a t  o f Young and D inning as m odified  by C aputto elt a l . (4 ) .  The s a l t  
m ixture and v itam in  m ix ture  were p rep a red  acco rd in g  to  th e  method of 








Com position o f  V itam in M ixture
I n o s i to l 22.5  g
C holine C hloride 22.5 g
N icotinam ide 4 .5  g
P yridox ine  HCl 112.5 mg
Thiamine 112.5 mg
R ib o flav in 112.5 mg
Calcium P a n to th en a te 225.0 mg
F o lic  Acid 112.5 mg
2-M ethylnapthoquinone 5 .6  mg
V itam in B12 1.0  mg
B io tin 1 .1  mg
D extrose 100.0  g
Com position o f S a l t  M ixture
54.300 % KH2PO4




Com position o f B asa l D ie t
P ercen t Compel
C ase in , v itam in  f r e e 17.0
Sucrose 37.3





0 .035  % 
0 .008  %
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P ercen t Com position 
Cod L iv e r  O il 3 .0
S a l t  M ix tu re  3 .0
V itam in M ixture 0 .7
The b a s a l  d i e t  was mixed w ith  A lphacel in  a r a t i o  o f  10 to  1.
S tock D ie t ( P e l l e t  D ie t)
R ats t h a t  were n o t m ain tained  on an ex p erim en ta l d i e t  were fed  
a  com m ercial p e l l e t  d i e t  from Rockland L a b o ra to r ie s ,  Teckland Incorpo­
r a te d ,  Monmouth, I l l i n o i s .  This d i e t  had th e  fo llo w in g  in g re d ie n ts :  
soybean m eal, ground yellow  co m , f i s h  m eal, p u lv e r iz e d  b a r le y ,  wheat 
m id lin g s , ground w heat, dehydrated a l f a l f a  m eal, p u lv e r iz e d  o a ts ,  
feed in g  o a t m eal, d r ie d  skim m ilk , 1% anim al f a t ,  v itam in  A p a lm ita te ,  
i r r a d i a t e d  d r ie d  y e a s t ,  n ia c in ,  calcium  p a n to th e n a te , r ib o f la v in  su p p le ­
m ent, m enadione, v itam in  B^2 > 1% calcium  c a rb o n a te , 0.5% d icalc ium  
p h o sp h a te , 1% sodium c h lo r id e ,  and t r a c e s  o f manganese o x id e , copper 
o x id e , c o b a l t  c a rb o n a te , i ro n  ca rb o n a te , z in c  o x id e , and calcium  io d a te .  
The m an u fa c tu re rs  g u aran teed  the  fo llo w in g  a n a ly s e s :  crude p ro te in  no t
l e s s  th an  24%; crude f a t ,  n o t le ss  than  4%; and crude f i b e r ,  n o t more 
than  6%.
Reagent Chemicals 
A ll chem icals and so lv en ts  were re a g e n t g rade and were used as 
o b ta in e d  ex ce p t where s p e c if ie d  o th e rw ise .
N icotinam ide adenine d iphosphonucleo tide  p h o sp h a te , reduced 
(NADPH) 5 sodium D -g lu co se-6-p h o sp h a te , and p u r i f i e d  g lu c o se -6-phosphate  
dehydrogenase (D -g lucose-6-phosphate : NADP-oxidoreductase) were o b ta in ed
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from Sigma Chemical Company, S t .  L o u is , M isso u ri.
The fo llow ing  chem icals were o b ta in ed  from F is h e r  S c ie n t i f i c  
Company, P h ila d e lp h ia ,  P en n sy lv an ia : t r i s  (hydroxymethyl) amino m ethane, 
p o tass iu m  dihydrogen p h o sp h a te , d ip o tassiu m  hydrogen pho sp h a te , cerous 
s u l f a t e ,  t r i c h lo r o a c e t ic  a c id ,  and sodium c h lo r id e .
The fo llow ing  chem icals were o b ta in ed  from Eastman O rganic 
C hem icals, R och este r, New York: sodium e th y le n e d ia m in e te tra a c e ta te ,  
2- th i o b a r b i tu r i c  a c id ,  c y s te in e  h y d ro c h lo r id e , m e rc ap to ac e tic  a c id ,  
a n i l i n e ,  d im ethyl a n i l i n e ,  p - n i t r o a n i l i n e , e th y l  p-am inobenzoic a c id ,  
d iphenyohenylenediam ine, and m ercap to e th an o l.
P y rid in e  aldehydeoxim e 2-m ercaptoethylam ine and 4 , 4 ' -  
s u l f o n y ld ia n i l in e  were o b ta in ed  from the A ld rich  Chemical Company, 
M ilwaukee, W isconsin.
Sephadex G-10 was o b ta in ed  from Pharm acia, U ppaala, Sweden=
A scorbic a c id  was o b ta in e d  from N u tr i t io n a l  B iochem icals Corp.
Adenosine d iph o sp h a te  (ADP) was o b ta in ed  from P-L B io ch em icals , 
M ilwaukee, W isconsin.
M ethyl a n i l in e  h y d ro c h lo r id e  was o b ta ined  from K and K Labora­
t o r i e s ,  P la in v iew , New York.
D -c y s te in e , c y s te in e  m e th o x y este r, and N -ace ty l c y s te in e  were 
o b ta in e d  from Cyclo Chemical C o rp ., Los A ngeles, C a l ifo rn ia .
In s tru m en ts  and Equipment
S p ectropho tom etric  measurements were made e i t h e r  u s ing  a  Beck­
man DU-2 from Beckman In stru m en ts  Company, South P asadena, C a l i fo rn ia ,  
o r  a  Cary Model 14 Recording S p ec tropho tom eter, A pplied P h y sics  Corpora­
t i o n ,  Pasadena, C a l ifo rn ia .  C e n tr ifu g a tio n s  were done u sing  an
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I n te r n a t io n a l  R e fr ig e ra te d  C e n tr ifu g e , I n te r n a t io n a l  Equipment Company, 
B oston , M assachusetts  and a Spinco Model L U ltr a c e n tr i fu g e ,  Beckman 
In s tru m en ts  Company, Spinco D iv is io n , Palo A lto , C a l ifo rn ia .  Enzyme 
in c u b a tio n s  were perform ed in  a Dubnoff Shaker equipped w ith  a c o n s ta n t 
tem p era tu re  w ate r b a th . P re c is io n  S c ie n t i f i c  Company, Chicago, I l l i n o i s .  
F lu o ro m e tric  an a ly ses  were done u s in g  an Aminco-Bowman S pectropho to - 
f lu o ro m e te r , American In stru m en t Company, I n c . ,  S i lv e r  S p ring , M aryland. 
Oxygen consumption s tu d ie s  were done u sin g  th e  G ilson  D i f f e r e n t ia l  
R esp iro m eter, G ilson  M edical E le c tro n ic s ,  M idd le ton , W isconsin.
Methods
P re p a ra tio n  o f Rat L iv er Microsomes 
Male r a t s  (180-250 g) were stunned  by a blow on th e  head and 
ex san g u in a ted  by sev e rin g  th e  neck v e s s e ls .  The l i v e r  was removed, 
c h i l l e d  w ith  co ld  po tassium  phosphate  b u f f e r  (0 .15  M, pH 7 .5 ) ,  b lo t te d  
dry and weighed. F ive m i l l i l i t e r s  o f co ld  phosphate  b u f f e r  (0° C) was 
added to  each gram o f l i v e r  and th en  homogenized u s in g  a m onogenizer of 
th e  P o tte r-E lv eh jem  type . The homogenate was c e n tr ifu g e d  in  a r e f r i g ­
e r a te d  c e n tr ifu g e  a t  8,000 x g fo r  15 m inutes to  sedim ent c e l l u l a r  
d e b r is ,  n u c le i ,  and m ito ch o n d ria . The su p e rn a ta n t f r a c t io n  so o b ta in ed  
was then  c e n tr ifu g e d  fo r  90 m inu tes in  a 30 r o to r  a t  30,000 rpm 
(105,000 X g) in  a Spinco Model L U ltr a c e n tr i fu g e  in  o rd e r to  sedim ent 
th e  m icrosomes. The microsom al p e l l e t  was resuspended  in  th e  same 
volume o f co ld  phosphate b u f f e r  and re c e n tr ifu g e d  fo r  60 m inutes a t  
30,000 rpm. This w ashing p ro cess  was re p e a te d  once. The b u f f e r  was 
d ra in e d  from th e  f in a l  microsom al p e l l e t  and th e  p e l l e t  was s to re d  a t
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-20°C. The frozen  p e l l e t  of microsomes was thawed Im m ediately b e fo re  
use and suspended by hom ogenization in  tr is -H C l b u f f e r  (0 .1  M, pH 7.5) 
so  th a t  1 ml of th e  su spension  was e q u iv a le n t to  the  microsomes from 1 
gram of l i v e r  wet w e ig h t. Once thawed, microsomes were n o t re f ro z e n  fo r  
l a t e r  use s in c e  i t  was found th a t  rep ea ted  fre e z in g  and thawing caused 
an in c re a se  in  the  th io b a r b i tu r i c  ac id  (TBA) chromogen in  the  c o n tro l 
in c u b a tio n  system s.
In cu b a tio n  System s. A ll in c u b a tio n  system s co n ta in ed  m icroso­
mal p a r t i c l e  suspensions e q u iv a le n t to  0 .1  gram o f r a t  l i v e r  (wet 
w e ig h t) /  m l, which i s  e q u iv a le n t to  1 mg ± 10% m icrosom al p ro te in /m l,
4 m M ADP, 1.2 X 10“  ̂ M Fe^"*", and 0 .1  M t r i s  b u f fe r  a t  pH 7 .5 . NADPH 
was used as s u b s t r a te  a t  0 .3  m M, a sc o rb ic  ac id  a t  10~^ M, and a l l  th io l  
compounds used as s u b s t r a te s  a t  4 X 10~^ M u n le ss  o th e rw ise  s p e c if ie d .  
In cu b a tio n  system s having  a NADPH re g e n e ra tin g  system  con ta in ed  in  
a d d itio n  to  NADPH as s u b s t r a te  6 m M g lu c o se -6-phosphate  and 0 .5  u n its  
o f g lu c o se -6-phosphate  dehydrogenase/m l.
O2 u t i l i z a t i o n  measurements were done on 2 ml in c u b a tio n  volumes 
u s in g  th e  G ilson  R esp irom eter. The study  o f F igure 25 u t i l i z e d  a 5 ml 
in c u b a tio n  system , from which 0 .5  ml re a c tio n  a l iq u o ts  were withdrawn a t 
th e  a p p ro p ria te  tim e in t e r v a l s .
Assay of fo rm ation  o f TBA chromogen. A ty p ic a l  assay  m ixture 
con ta in ed  p e r ml: 0 .1  ml o f m icrosom es, 4 .0  ymoles ADP, 1 .2  X 10”  ̂ M
Fe^"^, and 0 .9  ml o f  tr is -H C l b u f fe r  (0 .1  M, pH 7 .5 ) w ere in c u b a ted  w ith 
(E xperim ental) and w ith o u t (C o n tro l) 0 .3  umoles o f NADPH a t  37° C in  a i r .  
One m i l l i l i t e r  in c u b a tio n s  were c a r r ie d  o u t in  t e s t  tu b es  in  a Dubnoff 
in c u b a to r . The enzyme re a c tio n  was te rm in a ted  by th e  a d d itio n  o f 0 .5  ml
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o f 35% (w eight/volum e; W/V) t r i c h lo r o a c e t i c  ac id  (TCA). One m i l l i l i t e r  
o f 0.75% TBA (W/V) was added and th e  m ix tu res  were h ea ted  in  a  b o il in g  
w a te r  b a th  f o r  15 m inutes acco rd ing  to  th e  method of O tto le n g h i (24). 
A fte r  c o o l in g , 1 ml o f 70% TCA (W/V) was added to  each tube and sw irled  
g e n t ly .  The sam ples were th en  c e n tr ifu g e d  and th e  o p t i c a l  d e n s ity  of 
th e  c le a r  p in k  su p e rn a ta n t was determ ined  a t  532 my. In  many in s ta n c e s  
sample c o lo rs  were too  in te n s e  to  be read  d i r e c t ly  and were f i r s t  
d i lu te d  w ith  an a c id  d i lu t io n  m ix tu re  w ith  th e  same com position  as th a t  
o f the sam ple. Samples th a t  were tu r b id  were e x tra c te d  w ith  chloroform  
( to  remove th e  l i p i d  tu r b id i ty )  and th e  o p t ic a l  d e n s ity  o f the  c le a r  
aqueous la y e r  was determ ined .
Sephadex G-10 Column Chrom atography. A column of Sephadex G-10 
(Pharm acia) 1.35 x 100 cm was p rep a red  in  po tassium  phosphate b u f fe r  
(0 .1  M, pH 7 .2  c o n ta in in g  0 .1  M N aCl). The column was allow ed to  e q u i l ­
ib r a t e  f o r  one week b e fo re  u se . A 2 ml sample c o n ta in in g  e i th e r  au then­
t i c  m alonaldehyde (28) o r  this chromogen re a c tin g  w ith  TBA which i s  
produced in  the NADPH-oxidase system  was ap p lied  to  th e  column and 
e lu te d  w ith  0 .1  M phosphate  -  0 .1  M NaCl b u f f e r  a t  a r a te  o f 0 .5  m l/ 
m inu te . Two d i f f e r e n t  pH c o n d itio n s  were used : one a t  pH 7.2 and
an o th e r a t  pH 2 .8 . F ra c tio n s  o f 1 .0  ml volume were c o l le c te d  in  tubes 
c o n ta in in g  th e  re a g e n ts  used fo r  th e  TBA assay  fo r  m alonaldehyde.
S p e c tro f lu o ro m e tr ic  Methods f o r  M alonaldehyde d e te rm in a tio n .
The m icrosom al in c u b a tio n  system  was d i lu te d  1 :1  w ith  d i s t i l l e d  w ater 
and to  a 0 .1  ml a l iq u o t  o f th i s  was added 0 .9  ml of d im ethy l formamide 
and 2 .0  ml o f  a dim ethylform am ide s o lu t io n  co n ta in in g  1% e th y l  p- 
am inobenzoate (o r  4 ,4 '- s u l f o n y ld ia n i l in e )  and 1% c o n ce n tra te d  (38%)
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h y d ro c h lo r ic  a c id .  The m ix tu re  was h ea ted  in  a b o i l in g  w ater ba th  f o r  5 
m in u tes , c o o le d , and 0 .5  ml o f  10% NaOH s o lu t io n  added. The r e s u l t in g  
s o lu tio n  was re a d  in  th e  sp e c tro flu o ro m e te r  w ith  an e x c i ta t io n  wave­
le n g th  o f 475 mp and an em ission  (d e te c tio n )  w aveleng th  o f 545 mp. The 
m eter d e f le c t io n  read in g  was compared to  th a t  o f a  s ta n d a rd  graph 
(F igure  4) to  d e term ine  th e  malonaldehyde c o n te n t o f th e  sample. This 
method was ad ap ted  from th a t  o f  Saw icki, S ta n le y , and Johnson (33).
p - N it r o a n i l in e  S pectropho tom etric  Assay f o r  M alonaldehyde.
This m alonaldehyde d e te rm in a tio n  method was perform ed id e n t ic a l ly  to  
th a t  re p o r te d  by S aw ick i, S ta n le y , and Johnson (3 3 ) .
Fe e s t im a t io n . To 30 ml o f 1 .5  M phosphate  b u f f e r  was added 8 
mg o f sodium d i t h io n i t e  (Na2S20^ ) ,  to  reduce a l l  Fe to  th e  Fe^+ s t a t e ,  
and one ml of a 0 .1  M s o lu t io n  o f p y r id in e -2 -a ld e h y d e  oxime. The 
o p t ic a l  d e n s ity  was re a d  in  a 10 cm path  le n g th  c e l l  a t  520 mp in  a  Cary 
sp ec tro p h o to m e te r. The Fe^^ co n ten t was th en  c a lc u la te d  using  a m olar 
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F igu re  4. S p ec tro flu o ro p h o to m e tric  D eterm ination  o f  Malonaldehyde
CHAPTER III
RESULTS
S tu d ies  by Saslow and Waravdekar (31 , 3 2 ), and o th e rs  (1 4 ), 
in d ic a te d  th a t  m alonaldehyde m ight n o t be th e  p ro d u c t of a u to c a ta ly t ic  
l i p i d  p e ro x id a tio n  which r e a c ts  w ith  TEA to  form th e  532 m p-absorbing 
chromogen, and th a t  i t  m ight n o t be formed a t  a l l  during  th e  p e ro x id a ­
tio n  p ro cess . A lso , i t  has been dem onstrated  th a t  con jugated  
d ienealdehydes were formed d u rin g  a u to c a ta ly t ic  l i p i d  p e ro x id a tiv e  
p ro c e s se s , and Schmidt (34) has shown th a t  co n ju g a ted  d ienealdehydes 
r e a c t  w ith  TEA to  form a chromogen having  maximum a b so rp tio n  in  th e  530 -  
532 mp re g io n . As a  r e s u l t  of th e  above s tu d ie s  i t  was n ece ssa ry  to  
dem onstrate  th a t  m alonaldehyde i s  indeed a p ro d u c t o f microsom al NADPH- 
o x id a se -c a ta ly z e d  p h o sp h o lip id  p e ro x id a tio n . Furtherm ore , i t  was 
n ecessa ry  to  dem onstrate  th a t  i t  i s  the  su b stan ce  which re a c ts  w ith  TEA 
to  form th e  chromogen used as an  index o f  the  e x te n t o f p e ro x id a tiv e  
c leavage  o f th e  6- f a t t y  a c id s  o f membrane-bound p h o sp h o lip id s  and th a t  
i t  accoun ts  f o r  a l l  of th e  c o lo r  fo rm atio n .
A sim ple k in e t ic  s tu d y  was f i r s t  done to  determ ine any d i f f e r ­
ences o r s i m i l a r i t i e s  between th e  r a te s  o f r e a c t io n  o f (1) TEA and 
m alonaldehyde, (2) TEA and a co n jugated  d ien ea ld e h y d e , hex ad ien ea ld eh y d e , 
and (3) TEA and th e  p roducts  o f  th e  m icrosom al NADPH-oxidase-catalyzed
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l i p i d  p e ro x id a tio n . The r e s u l t s  a re  shown in  F igure 5. The p ro d u c t(s )  
o f th e  enzymic p e ro x id a tio n  o f  m icrosomal phospho lip id s  had a re a c tio n  
r a t e  w ith  TEA id e n t ic a l  w ith  th a t  o f  an a u th e n tic  sample o f  m alonalde­
hyde, w h ile  th e  r a t e  f o r  the r e a c tio n  o f th e  hexadienealdehyde w ith  TEA 
was d i s t i n c t l y  d i f f e r e n t .
A lo g a rith m ic  p lo t  a lso  showed a d if fe re n c e  between th e  r a te s  
o f r e a c t io n  of h ex ad ien ea l and malonaldehyde w ith  TEA. A f u r th e r  e f f o r t  
was made to  d is t in g u is h  by chem ical means i f  m alonaldehyde i s  th e  TEA- 
re a c t in g  p roduct o f the  NADPH-oxidase ca ta ly z ed  l i p id  p e ro x id a tio n  
system . A sp ec tro p h o to m e tric  assay  fo r  malonaldehyde d e sc rib e d  by 
Saw icki, S ta n le y , and Johnson, and an adap tion  o f two s p e c tro f lu o ro -  
m e tr ic  methods a ls o  d e sc rib e d  by them were u sed , and th e  r e s u l t s  
o b ta in ed  were compared to  those u t i l i z i n g  the  TEA assay  method fo r  
m alonaldehyde. Table 1 shows a com parison between c a lc u la te d  values 
u s in g  the  two s p e c tro f lu o ro m e tr ic  methods ( e th y l  p-am inobenzoate and 
4 ,4 '- s u l f o n y l d i a n i l i n e ) ,  the  p - n i t r o a n i l in e  sp ec tro p h o to m e tric  method, 
and th e  TEA assay  method. The q u a n t i ta t iv e  r e s u l t s  a re  in  good ag ree­
ment fo r  th e  fo u r methods of malonaldehyde e s tim a tio n .
F in a l ly ,  a  com parison o f th e  behav io r of malonaldehyde and th e  
T B A -reactin '' p roduct o f  NADPH-oxidase-catalyzed p hospho lip id  perox ida­
t io n  on Sep. jdex G-10 chromatography was made s im i la r ly  to  th a t  de­
s c r ib e d  by Kwon (10 , 1 1 ). When th e  pH of a Sephadex G-10 column i s  
s h i f te d  from 7.2  to  2 .8  th e re  i s  a s h i f t  in  th e  e lu t io n  volume fo r  
m alonaldehyde (10 , 11) ,  presumably because of th e  s h i f t  from a 6-k e to  













WL H exadienealdehyde (c o n c e n tra t io n  range  o f  0 .3  to  1 .0  X 10” ^ M) 
o  M alonaldehyde ( c o n c e n tr a t io n  range  o f  o . 3 to  1 .0  X 10“ M) 
•  M icrosom al NADPH-oxidase l i p i d  p e ro x id a tio n  in c u b a tio n  system
F ig u re  5 . K in e t ic s  o f  532 mp, A bsorbing Chromogen Form ation
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TABLE 1
COMPARISON OF MALONALDEHYDE DETECTION METHODS
Microsomes only
my Moles M alonaldehyde per ml In cu b a tio n  System 
EPAB^ SDA  ̂ TBAC PNA^
0 .2  0 .2  0 .2  0 .4
Complete In cu b a tio n  
System Number
1 69.6 68.2 71.8 72.7
2 53.2 51.4 50.9 50.1
3 78.0 76.6 80.6 78.9
4 80.2 81.5 84.6 83.7
a) EPAB -  e th y l  p-am inobenzoate
b) SDA -  s u l f o n y ld ia n i l in e
c) TBA -  2 - th io b a r b i tu r i c  a c id
d) PNA -  p - n i t r o a n i l i n e
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q Ç q
H b— c = c  H H ‘c— c = c  H
H H
(a) (b)
F ig u re  6 shows th a t  th e  TB A -reacting p rod u c t o f th e  microsom al 
N AD PH-oxidase-catalyzed l i p i d  p e ro x id a tio n  has th e  same e lu t io n  ch a ra c ­
t e r i s t i c s  as m alonaldehyde a t  bo th  pH 7 .2  and 2 .8  u sing  Sephadex G-10. 
The column used  had a vo id  volume o f 59 ml as determ ined  u sing  D extran 
B lue 2 ,000 . The Vg/V^ r a t i o  (where eq u a ls  th e  e lu t io n  volume of the  
a p p l ie d  sam ple and eq u a ls  th e  v o id  volume) f o r  a column a t  pH 2 .8  was 
2 .4 2 ,  which i s  in  good agreement w ith  th e  va lu e  o f  2.42 o b ta in ed  by 
Kwon (10, 1 1 ). However, the  V^/V^ r a t i o  a t  pH 7 .2  was 2.05 compared to  
a v a lu e  o f  1 .9 3  o b ta in ed  by Kwon. T able 2 shows th e  q u a n t i ta t iv e  
e lu t io n  c h a r a c t e r i s t i c s  fo r  bo th  m alonaldehyde and th e  p ro d u c t o f th e  
m icrosom al NADPH-oxidase l i p i d  p e ro x id a tio n . The recovery o f m a te r ia l
a p p l ie d  to  th e  column in  bo th  cases was about 97%. This in d ic a te s  th a t
th e r e  i s  only  one m o lecu la r sp e c ie s  r e a c t in g  w ith  2- th io b a r b i tu r i c  ac id  
p roduced by th e  m icrosom al NADPH-oxidase l i p i d  p e ro x id a tio n  system , and 
th e  d a ta  p re se n te d  a re  regarded  as s u f f i c i e n t  ev idence th a t  th e  p roduct 
i s  in d eed  m alonaldehyde.
K in e tic  S tu d ie s  
An u n d ers tan d in g  o f  the  k in e t ic s  of an enzymic a c tio n  i s  
u s u a lly  u s e f u l  fo r  determ in ing  the  mode o f a c t io n  o r exc lud ing  c e r t a in  
modes of a c t io n  o f in h ib i to r s  o r a c t iv a to r s  o f enzyme c a ta ly z e d  r e ­
a c t io n s .  S ince  i t  has been dem onstrated  th a t  Mn̂ "*", Co^"^, and Ce '̂*' io n s ,  
as  w e ll as c h e la t in g  agen ts  such as EDTA have a d r a s t i c  in h ib i to ry
24
F igu re  6 . E lu tio n  C h a r a c te r is t ic s  o f M alonaldehyde and th e  
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ELUANT FRACTION NUMBER (1 ml p e r f ra c t io n )
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• “̂ •M a lo n a ld e h y d e  pH 7 .2 ; «M alonaldehyde pH 2.8 
0— 0 NADPH-oxidase l i p i d  p e ro x id a tio n  p roduct pH 7.2 
oNADPH-oxidase l i p i d  p e ro x id a tio n  p roduct pH 2.8
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TABLE 2
THE ELUTION OF MALONALDEHYDE FROM 
SEPHADEX G-10 COLUMN
my moles m alonaldehyde pH
charged e lu te d
A u th en tic  M alonaldehyde 109 106 7 .2^
NADPH-oxidase Product 86 85 7.2
A u th en tic  M alonaldehyde 163 158 2 . 8b
NADPH-oxidase Product 104 101 2 .8
a) 0 .1  M phosphate  b u f f e r  + 0 .1  M NaCl
b) 0 .1  M phosphate  b u f f e r  + 0 .1  M NaCl + HCl to  ach ieve pH 2 ,8
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e f f e c t  (19 , 26) on th e  m icrosom al NADPH-oxidase c a ta l iz e d  l i p i d  per­
o x id a tio n  system  (Table 3 ) ,  a s e r i e s  o f k in e t i c  experim ents were done to  
de te rm in e  i f  Co^'*', and Ce^"^ io n s  were o f th e  co m p e titiv e  or non­
co m p e titiv e  in h ib i t io n  ty p e . Experim ents were a ls o  designed  to  d e te r ­
m ine, i f  p o s s ib le ,  th e  in h i b i t i o n  d is s o c ia t io n  c o n s ta n ts ,  K j, of th e  
i n h i b i to r  complex fo r  each o f th e  r e s p e c t iv e  m e ta l io n s  Mn^" ,̂ Co '̂*', and 
Ce3+.
TABLE 3









a) A ll a d d itio n s  a re  10”  ̂ M.
To determ ine th e  in h ib i to r y  n a tu re  o f th e  m e ta l io n s ,  incuba­
t io n s  were c a r r ie d  ou t a t  v a ry in g  c o n c e n tra tio n s  o f Fe3+ and a t  two 
d i f f e r e n t  in h ib i to r  c o n c e n tra tio n s  (1 .5  X 10”  ̂ m and 3 X 10“  ̂ m Mn̂ "*" and 
Co2+), as w e ll as in c u b a tio n s  w ith  no in h ib i to r s  added. Both the NADPH- 
o x id a se  and a sc o rb ic  ac id  system s were done fo r  com parison. When 
Linew eaver-Burk (14) (double r e c ip ro c a l)  p lo ts  were made from the r e s u l t ­







F ig u re  7. Linew eaver-Burk(D ouble R ec ip ro ca l)  P lo t o f  th e  
E f fe c t  o f  A e  In h ib i to ry  Mn̂ "*" Ion on th e  Form ation of M alonaldehyde a t  
V arying Fe C o n c e n tra tio n s . 0 .3  mM NADPH used  as  s u b s t r a te .  Incuba­
t io n  tim e 2 .5  m in u tes .
2+O' "■< No Mn added to  in c u b a tio n  system
• ------* 1 .5  X IQ -f M







F igure  8 . L inew eaver-Burk (Double R ecip rocal) P lo t o f  th e  
E ffe c t o f  th e  In h ib i to ry  Co Ion  on the  Form ation o f M alonaldehyde a t
V arying F e ^  C o n cen tra tio n s . 0 .3  mM NADPH used as s u b s t r a te .  Incuba­
t io n  tim e 2 .5  m inutes.
2+o 'ONo Co added to  in c u b a tio n  system  
• — —• 1 .5  X 10-5 M Co2+






1 “"5  
X 10
F igure  9. Lineweaver-Burk(Double R ec ip ro ca l)  P lo t o f the 
E ffe c t o f th e  In h ib i to ry  Mn̂ "*” Ion  on th e  Form ation of Malonaldehyde a t  
V arying Fê "*" C o n cen tra tio n s.
In cu b a tio n  tim e 2 .5  m inu tes.
A scorbic a c id  used a s  s u b s t r a te  a t  10“^ M.
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No Mn added to  in c u b a tio n  system
• ——• 1 .5  X 10
• — •  3 X 10










F ig u re  10. Lineweaver-Burk(Double R ec ip ro ca l) P lo t  o f the  
E f fe c t  of th e  In h ib i to ry  Co Ion  on th e  Form ation of M alonaldehyde a t  
V arying Fe C o n cen tra tio n s . A scorb ic  a c id  used as s u b s t r a te  a t  10“  ̂ M. 
In cu b a tio n  tim e 2 .5  m inutes.
2+0— 0  No Co added to  in c u b a tio n  system
• -----# 1 .5  X 10-5 M Co2+
— 3 X 10"5 M CcT
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i n h ib i t io n  fo r  the case  o f  a s c o rb ic  ac id  u sed  as s u b s t r a t e ,  b u t th e  
r e s u l t s  fo r  th e  NADPH-oxidase system  were somewhat am biguous, due to  the  
c u rv a tu re  of th e  l i n e s  as they  approach th e  o r d in a te .  A c o m p e titiv e  in ­
h i b i t i o n  type o f s i t u a t io n  was su sp ec ted  b ecau se  o f th e  convergence of 
the  l in e s  toward th e  o rd in a te ,  b u t  a d d i t io n a l  d a ta  were n ece ssa ry  to  
c l a r i f y  th e  t r u e  s i t u a t io n .
When a  graph of m alonaldehyde formed v e rsu s  th e  amount o f Fê "*" 
added was made (F igure  11) i t  was observed  th a t  when no Fe^^ was added 
an a p p re c ia b le  amount of m alonaldehyde fo rm ation  was s t i l l  o bserved . A 
d e v ia tio n  between the  expected  and observed m alonaldehyde fo rm ation  i s  
re p re s e n te d  by th e  d if f e re n c e  betw een the s o l id  and dashed curves in  
F igure 11. This d e v ia tio n  was th o u g h t to  be caused by Fe^^ bound to  th e  
microsomes from th e  0 .15  M phosphate  b u f f e r  used  d u rin g  th e  co u rse  o f 
t h e i r  p re p a ra t io n .
When the phosphate  b u f fe r  used fo r  th e  p re p a ra t io n  o f th e  m icro­
somes was te s te d  fo r  Fê "*" co n ten t i t  was found to  c o n ta in  2 .2  X 10” ® M 
Fe®+. An "Fe®'*'-free" po tassium  phosphate b u f f e r  was th en  p rep a red  by 
p a ss in g  a 1 .5  M s o lu t io n  through a  column of Chelex-100 r e s in  to  remove 
as much o f th e  con tam ina ting  Fe®^ as p o s s ib le .  This tre a tm e n t removed 
a l l  b u t  1/40 o r  2.5% of th e  Fe®'*', which reduced  th e  Fe®"*" c o n c e n tra tio n  
of th e  Chelex t r e a te d  phosphate b u f f e r  to  5 .5  X 10"® M. This i s  about 
th e  low est c o n c e n tra tio n  o f Fe®"*" w hich can b e  o b ta in e d  u s in g  Chelex-100 
r e s in  (2 2 ). When 2 .5  m inute ( i n i t i a l  v e lo c ity )  in c u b a tio n s  were p e r­
formed w ith  v a ry in g  Fe®* c o n c e n tra tio n s , u s in g  microsomes p rep ared  w ith  
th e  "Fe® *-free" phosphate  b u f f e r ,  r a t e  cu rves were o b ta in ed  (F igu re  12) 





Fe^+ M X lO'G ADDED
e n t Fe3+
F ig u re  11. The R ate o f M alonaldehyde Form ation a t  D iffe r-  
C o n cen tra tio n s  Incubated  fo r  2 .5  m in u tes .
0 .3  mM NADPH as s u b s t r a te
10"3 M A scorb ic  ac id  as s u b s t r a te
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(5 ) ,  and w ith  th e  d a sh e d -lin e  p o r tio n  o f th e  curves of f ig u re  11.
When Lineweaver-Burk (double re c ip ro c a l)  p lo ts  o f the  d a ta  from 
f ig u re  12 were made the  value fo r  the  Fe^* ion  could be c a lc u la te d  
from the  in t e r c e p t  on th e  a b c issa  (l/pMFe^^ a x i s ) .  From these  c a lc u la ­
t io n s  u sing  NADPH, a sc o rb ic  a c id , and 2 -m ercap to ace tic  ac id  as sub­
s t r a t e s ,  the  v a lu es  fo r  Fe^^ o f  Table 4 were o b ta in ed .
TABLE 4 
Fe3+ VALUES^
S u b s tra te S p ec ia l C onditions
A scorb ic  ac id None 1.6  X 10-6 M
2 -m e rc a p to a c e tic  ac id None 1.5  X 10-6 M
NADPH None 6 .7  X lo r?  M
A scorb ic  ac id Heated Microsomes^ 6 .3  X 10-7 M
M ercap to ace tic  ac id Heated Microsomes 6 .6  X 10-7 M
a) D eterm ined g ra p h ic a lly  from Lineweaver-Burk double 
r e c ip r o c a l  p lo t  o f F igure 13.
b) 65° C fo r  one m inute.
I t  i s  in t e r e s t in g  to  n o te  th a t  th e  values fo r  a sc o rb ic  ac id  
and 2-m e rc a p to a c e tic  a c id  were alm ost i d e n t i c a l ,  and th a t  fo r  th e  case 
o f  microsomes h e a te d  a t  65° C fo r  1 m inu te , th e  v a lu es  s h i f te d  to a
low er v a lu e , b u t the  v a lu es  fo r th e  two s u b s t r a te s  were very c lo s e , 
though s h i f te d .
An a tte m p t was n e x t made to  determ ine th e  in h ib i t io n  d is s o c ia ­
t io n  c o n s ta n ts ,  i f  p o s s ib le ,  fo r th e  in h ib i to r y  ions Mn%+, €0%+, and
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M
M 1 5 -
Fe3+ M X 10-6
F igure 12. The Dependence of M alonaldehyde Form ation on Fe^"^ 
C o n cen tra tio n . A il in c u b a tio n s  done fo r  2 .5  m inu tes.
0.3  mM NADPH as s u b s t r a te  
10 M A scorbic a c id  as s u b s tra te  
2 X 10”3 M 2 -m ercap to ace tic  ac id  as s u b s t r a te  
—o Microsomes h ea ted  1 m inute a t  65°C + 10“3 m a sc o rb ic  ac id  
— AMicrosomes h ea ted  1 m inute a t  65°C +  2 X 10“  ̂ M 2-m ercapto­






F igu re  13. L inew eav^-B urk(D ouble R ec ip ro ca l)  P lo t  o f  Malon­
aldehyde Formed and Amount o f  Fe Added to  Microsomes P repared  in  an 
I r o n - f r e e  B u ffe r. In c u b a tio n  tim e 2 .5  m inu tes .
0 .3  mM NADPH as s u b s t r a te  
10“ M A scorb ic  a c id  a s  s u b s t r a te  
2 X 10“ 3 M 2 -m erc ap to ac e tic  a c id  as s u b s t r a te  
— o Microsomes h ea ted  1 m inute a t  65°C + 10“ ^ M A scorb ic  ac id  
"—A Microsomes h ea ted  1 m inute a t  65°C + 2 X 10“ M 2-m ercapto­
a c e t ic  a c id
‘i l
Ce^"^, and to  determ ine i f  co m p e titiv e  in h ib i t i o n  i s  th e  case  fo r  NADPH 
used as s u b s t r a t e ,  s in c e  th e  Linew eaver-Burk p lo t s  were am biguous<>
Microsomes p re p a re d  w ith  th e  "Fe^’̂ - f re e "  phosphate  b u f f e r  were 
used fo r  th e se  m easurem ents, a lthough  t h i s  i s  n o t r e a l ly  r e le v a n t ,  s in c e  
th e  only  im p o rtan t c r i t e r i o n  i s  th a t  two d i f f e r e n t  c o n c e n tra tio n s  o f 
Fe^^ be used  (5 ) . When p lo t s  o f th e  d a ta  o b ta in ed  were made o f th e  
r e c ip r o c a l  o f  m alonaldehyde formed v e rsu s  th e  c o n c e n tra tio n  o f th e  in ­
h i b i t o r  used (using  two d i f f e r e n t  Fê "*" c o n c e n tra tio n s )  as d e sc r ib e d  by 
Dixon (6) ,  th e  r e s u l t s  o f  F ig u res  14 -  20 were o b ta in e d . These r e s u l t s  
in d ic a te d  a c o m p e titiv e  type of in h ib i t i o n .  The in h ib i t i o n  d is s o c ia t io n  
c o n s ta n ts ,  K j, o b ta in ed  a re  shown in  Table 5.
TABLE 5
COMPETITIVE INHIBITOR DISSOCIATION CONSTANTS, %I
S u b s tra te I n h ib i to r D is s o c ia t io n  C o n s tan t, Kj
NADPH Mn2+ 3.6 X 10-6 M
A scorb ic  a c id Mn%+ 3.6 X 10-6 M
2-m e rc a p to a c e tic  a c id Mn2+ 3.6 X 10-6 M
NADPH Co2+ 1 .2 X 10-6 M
A scorb ic  a c id Co2+ 1.2 X 10-6 M
NADPH Ce 3+ 5 X 10-6 M
A scorb ic  a c id Ce 3+ 5 X 10-6 M
Free R ad ica l N ature o f  L ip id  P e ro x id a tio n  
I t  has been dem onstrated  th a t  l i p i d  p e ro x id a tio n  i s  in h ib i te d  




C o n stan t, K 
2 .5  m inu tes.
F ig u re  14. D eterm ination  o f th e  In h ib i t io n  D is so c ia tio n  






62+ M X 10
C o n stan t, 
t l o n  tim e
Figure 15, Determination of the In h ib ition  D isso c ia tio n
Kj, for  Mn Using 10“  ̂ M Ascorbic Acid as Substrate. Incuba-
2 .5  m inutes.
6 X 10"G M Fe3+ 
3 X 10"° M Fe3+ 




Figure 16. D eterm ination o f the In h ib itio n  D isso c ia tio n
Constant, Kj, for Mn̂ '*' Using 2 X 10“ M M ercaptoacetic Acid as Substrate.
Incubation time 2.5 m inutes.
6 X 10“* M F e ^
3 X 10-6 M Fe3+
41
C O
Co '̂*’ M X 10-5
F igu re  17. D eterm ination  o f  th e  I n h ib i t io n  D is so c ia t io n  
C o n stan t, K^, fo r  Co Using 0 .3  mM NADPH as S u b s tra te . In cu b a tio n  tim e 
2 .5  m in u tes .
16 X 10"; M Fe^^
13 X 10* M Fe3+
42
52+ M X 10Co
F igure  18, D eterm in a tio n  o f th e  In h ib i t io n  D is so c ia t io n  
C o n stan t, K j, fo r  Co Using 10” ^ M A scorb ic  Acid as S u b s tr a te .  Incuba­
t io n  tim e 2 .5  m inu tes.
-6 3+X 10-" M Fe- 
X 10"° M FeJ+ 
o  0 1 .5  X 10"° M Fe3+
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53+ M X 10Ce
Figure 19. Determ ination o f th e  In h ib itio n  D isso c ia tio n
C onstant, K^, for Cê '*’ Using 0 .3  mM NADPH as Substrate. Incubation
time 2 .5  m inutes.
6 X 10“^ M Fe^* 
3 X 10"° M F e ^
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F ig u re  20. D eterm ination  o f th e  I n h ib i t io n  D is so c ia t io n  
C o n stan t, K j, f o r  Ce '̂*’ Using 10"3 M A scorb ic Acid as S u b s tra te .  Incuba­
t i o n  tim e 2 .5  m inu tes.
X lQ-6  M Pe3+ 
X 10“® M Pe3+
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capab le  o f a c t in g  as " a n ti-o x id a n ts "  o r  " f re e  r a d ic a l  tr a p s "  i . e .  are  
cap ab le  o f  r e a c t in g  w ith  a  r a d ic a l  sp e c ie s  to  produce two n o n ra d ic a l 
p ro d u c ts . A number o f such compounds capable o f  r e a c t in g  w ith  f r e e  
r a d ic a l s  were in v e s t ig a te d  to  determ ine th e i r  e f f e c t  on m icrosom al en­
zymic l i p i d  p e ro x id a tio n . These compounds were of two ty p e s: (1) those
which r e a c t  to  produce n o n ra d ic a l p ro d u c ts ; a - to c o p h e ro l, d ip h e n y l-p -  
pheny lened iam ine, san to q u in  (see F ig u re  2 1 ), and a sc o rb ic  a c id ,  and (2) 
a ro m a tic  amines which r e a c t  w ith  f r e e  r a d ic a ls  in  th e  p resen ce  o f O2 to  
form s e m i-s ta b le  n i t r i c  oxide (N-0*) r a d ic a ls  (1) as  p ro d u c ts , such as 
a n i l i n e ,  N-methyl a n i l in e ,  and d ip h en y l amine. Since s u l f i t e  io n  has 
been  shown to  r e a c t  w ith  f r e e  r a d ic a ls  formed in  o th e r  enzyme system s 
( 10) th e re b y  i n i t i a t i n g  th e  ae ro b ic  o x id a tio n  o f  th e  s u l f i t e  io n , a 
s tu d y  o f th e  s u l f i t e  o x id a tio n  du rin g  microsom al l i p i d  p e ro x id a tio n  was 
done.
The two types of f re e  r a d ic a l - t r a p p in g  compounds were te s te d  
w ith  th e  s ta b le  f r e e  r a d ic a l ,  d ip h e n y lp ic ry lh y d ra z y l (F igu re  2 1 ) , to  
d e term ine  a g e n e ra l p a t te r n  of r e a c t i v i t y .  The compounds r e a c t in g  w ith  
f r e e  r a d ic a ls  to  form n o n ra d ic a l p ro d u c ts  o f th e  type (1 ) c la s s  gave 
f a s t  r e a c t io n s  w ith  10“  ̂ M d ip h e n y lp ic ry lh y d razy l (DPPH) and 2 X 10"^ M 
f r e e  r a d ic a l - t r a p p in g  agen t in  ch lo roform  o r m ethanol s o lu t io n  ( f a s t  
b e in g  l e s s  th an  15 seconds fo r  com plete r e a c tio n  to  form the com plete ly  
" reduced" d ip h e n y lp ic ry lh y d ra z in e , m easured by the  lo s s  of th e  DPPH 
a b so rp tio n  peak a t  528 my). Compounds of the type (2) c la s s  re a c te d  
slow ly  w ith  th e  DPPH r a d ic a l  (10 to  30 m in u tes). M ercap toacetic  ac id  
was a ls o  in  th e  type (2 ) c la s s  "slow " ca teg o ry .
Because th e  two nonenzymic s u b s t r a te s ,  a sc o rb ic  ac id  and
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a - to c o p h e ro l  R = 4, 8 , 12- t r im e th y l t r id e c y l  (p h y ty l)  group
CH
Santoquin  ( 2 ,2 ,4 - t r im e th y l-6 -e th o x y - l , 2 -d ih y d ro q u in o lin e )
o oajxf
D ip heny lp icry l h y d razy l f r e e  r a d ic a l  (DPPH)
Figure 21
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2-m e rc a p to a c e tic  a c id ,  a re  both  capab le  o f r e a c tin g  w ith  f r e e  r a d ic a l s ,  
an experim ent was done to  determ ine i f  m icrosomal l i p id  p e ro x id a tio n  was 
dependent upon th e  c o n c e n tra tio n  of th e  s u b s t r a te  added. F ig u re  22 
shows th a t  fo r  bo th  a sc o rb ic  a c id  and 2-m erc ap to ac e tic  a c id  th e re  i s  an 
optimum c o n c e n tra tio n  a t  which maximum malonaldehyde i s  form ed, and th a t  
c o n c e n tra tio n s  of s u b s t r a te  above th i s  in h i b i t  th e  fo rm ation  of m alonal­
dehyde. A scorbic ac id  a t  th e se  h ig h e r  c o n c e n tra tio n s  a lso  in h i b i t s  th e  
fo rm atio n  o f m alonaldehyde in  th e  enzym ic NADPH-oxidase system  as  w e ll .
The e f f e c t  o f th e se  f re e  r a d ic a l - t r a p p in g  compounds on m icror 
somal l i p i d  p e ro x id a tio n  was determ ined  by m easuring th e i r  e f f e c t  on O2 
consum ption and concom itant m alonaldehyde fo rm ation , u sing  b o th  the 
enzymic NADPH-oxidase system  and the  nonenzymic a sc o rb ic  a c id  system , to  
ep su re  th a t  some a n c i l la r y  e f f e c t  on th e  enzyme was n o t in v o lv e d . The 
r e s u l t s  a re  shown in  Table 6 . Because d ie ta ry  a - to c o p h e ro l was known to  
i n h i b i t  th e  m icrosom al enzymic l i p id  p e ro x id a tio n , i t  was somewhat s u r ­
p r is in g  th a t  th e  added a - to c o p h e ro l,  added as a su sp en sio n , d id  no t
in h i b i t  m alonaldehyde fo rm ation  and O2 consum ption. T herefo re  th e  
d ie ta ry  e f f e c t  on th e se  two param eters was in v e s t ig a te d  f o r  th e  th re e  
r a d ic a l - t r a p p in g  compounds d ip heny l-para-pheny lened iam ine , s a n to q u in , 
and a - to c o p h e ro l. I t  was found fo r  th e  d ie ta ry  s i tu a t io n  th a t  only  
sa n to q u in  (Table 6 ) was now n o t e f f e c t iv e  a f t e r  being  fed  in  th e  d ie t  
fo r  14 days.
The a d d itio n  of 40 ymoles/ml in c u b a tio n  system  of s u l f i t e  ion  
to  th e  NADPH and a sc o rb ic  ac id  in c u b a tio n  system s caused an in c re a s e  in  
th e  consum ption o f O2 (T a b le .6 ) .  However, i t  was somewhat s u rp r is in g  
th a t  th e  malonaldehyde fo rm ation  was in h ib i te d  in  the  case  o f  th e  NADPH-
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F ig u re  22. The E ffe c t o f th e  C o n cen tra tio n  of A scorbic Acid 
and 2 -m erc ap to ac e tic  Acid on Malonaldehyde Form ation . In cu b a tio n  time 
2 .3  m inu tes.
0— 0 A scorb ic  a c id  in c u b a tio n  system
0— 0 0 .3  mM NADPH in c u b a tio n  system  +  a s c o rb ic  ac id
0——0 2-m e rc a p to a c e tic  ac id  in c u b a tio n  system
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TABLE 6
THE EFFECT OF RADICAL TRAPS ON O2 CONSUMPTION 
AND MALONALDEHYDE FORMATION
A dditions  to  In cu b a tio n  System
S u b s tra te
NADPH
S u b s tra te  









None 1.73 83.1 1.77 71.7
40 ymoles SO3 /ml 2.89 41.4 2.62 69.0
A n ilin e  (5 X 10"3 M) 0 .05 0 .3 0 .31 0 .3
N -m ethyl a n i l in e  (10"3 M) 0 0 .2 0 .31 0.2
Diphenylam ine (10”  ̂ M) 0 0 .3 0 .3 8 0.2
DPPD (10"3 M suspension ) 0 0.2 0 .32 0.2
Santoqu in  (10“  ̂ M em ulsion) 0 .1 0 .2 0 .32 0.2
a - to c o p h e ro l (10~^ M em ulsion) 1.39 82.9 1.50 80.6
D ie ta ry  A dd itions (14 day d ie t )
None (a - to c o p h e ro l f re e  d ie t ) 1 .44 78.4 1.84 91.8
DPPD (0.1% o f d ie t ) 0 .11 0 .1 0 .05 0.2
Santoquin  (0.13% o f d ie t ) 1.32 78.0 1 .71 87.4
a - to c o p h e ro l a c e ta te  
(90 mg/100 grams d ie t)
0 .16 0 .3 0 .07 0 .4
50
E ffe c t o f on O2 Consumption and
M alonaldehyde Form ation
A s tu d y  was made to  determ ine th e  e f f e c t  o f Fe^^ on O2 u t i l i z a ­
t io n  and m alonaldehyde fo rm ation  w ith  concom itant l i p i d  p e ro x id a tio n .
Both th e  enzymic NADPH-oxidase and the nonenzymic a sc o rb ic  ac id  l i p id  
p s rc x id iz in g  system s were s tu d ie d . F igu re  23 and Table 7 show the  com­
p o s i te  r e s u l t s  o f  th e  e f f e c t  o f  Fê "*" on O2 u t i l i z a t i o n  and m alonaldehyde 
fo rm atio n  fo r  th e  NADPH-oxidase system . When microsomes p repared  in  a
0 .15  M potassium  phosphate b u f fe r  low in  Fê "*" (5 .5  X 10“ ® M) were in cu ­
b a te d  in  th e  absence of added Fe®+, O2 u t i l i z a t i o n  and malonaldehyde 
fo rm a tio n  w ere very  low. Microsomes p rep a red  in  th e  re g u la r  0 .15  M 
p o ta ss iu m  phosphate  b u f fe r  co n ta in in g  about 2 X 10“® M Fe®^ had a l i t t l e  
more th a n  o n e -h a lf  th e  a c t i v i t y  when no Fe®+ was added, as compared to  a 
system  w ith  added Fe®+. When an NADPH re g e n e ra tin g  system  (g lu c o se -6-  
phosphate  + g lu c o se -6-phosphate  dehydrogenase) was added, the  O2 u t i l i ­
z a t io n  and m alonaldehyde form ation  were in c re a se d  to  alm ost th a t  o f  th e  
s ta n d a rd  in c u b a tio n  system  which co n ta in s  added Fe®+. When th e  NADPH 
re g e n e ra tin g  system  was added to  th e  s ta n d a rd  in c u b a tio n  system  con­
ta in in g  Fe®+ an in c re a s e  in  O2 u t i l i z a t i o n  and m alonaldehyde p ro d u c tio n  
was observed .
S im ila r  r e s u l t s  were o b ta in ed  fo r  th e  nonenzymic a sc o rb ic  ac id  
in c u b a tio n  system  (F igu re  2 4 ). When microsomes p rep a red  in  a 0.15 M 
po tass iu m  phosphate  b u f fe r  low in  Fe®+ were in cu b a ted  w ith  10“ ® M 
a s c o rb ic  ac id  i n  th e  absence o f  added Fe®" ,̂ O2 u t i l i z a t i o n  and m alonalde­
hyde fo rm atio n  were alm ost com pletely a b s e n t. When microsomes p repared  
in  th e  re g u la r  s to c k  0 .15 M phosphate b u f f e r  c o n ta in in g  about 2 X 10“ ® M 
















INCUBATION TIME IN MINUTES
F igure  23. The Dependence of 0 .  U t i l i z a t io n  of F e ^ .  A ll  




-A F e ^ - f r e e  microsomes + NADPH
•• Regular 0 .15  M phosphate p rep ared  microsomes + NADPH ^
•o Regular 0 .15  M phosphate p rep ared  microsomes + NADPH + Gen
Regular 0 .15  M phosphate p rep ared  microsomes + NADPH + F e ^
Regular 0 .15  M phosphate p rep a red  microsomes + NADPH + Fê "*"
+ Gen
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F ig u re  24. The Dependence o f  O2 U t i l i z a t i o n  on Fe 
p re sen ce  o f 10“ ^ M a s c o rb ic  a c id .
F e ^ ^ - f re e  m icrosom es^ + a s c o rb ic  a c id
34- A ll in c u b a tio n s  perform ed in  th e
R egu lar 0 .15  M p hosphate  p re p a re d  m icrosom es 4- a s c o rb ic  a c id  
R egu lar 0 .13  M phosphate  p re p a re d  microsom es 4- Fe^+ 4- a s c o rb ic  a c id
^Microsomes p rep a red  in  a 0 .15  M p h o sp h a te  b u f f e r  low in  Fe^^ (5 X 10 ® M)
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m inutes were re q u ire d  to  accom plish  as com plete O2 u t i l i z a t i o n  and 
m alonaldehyde fo rm ation  as i s  accom plished f o r  th e  same system  to  which 
Fe3+ has  been added. These r e s u l t s  a re  com piled in  Table 7 and in d ic a te  
th e  com plete dependence of b o th  th e  enzymic NADPH-oxidase and th e  non­
enzymic a sc o rb ic  a c id  l i p id  p e ro x id a tio n  on Fê "*".
TABLE 7
THE DEPENDENCE ON Fe3+ FOR O2 CONSUMPTION 
AND MALONALDEHYDE FORMATION
In c u b a tio n  Time 
In c u b a tio n  System (M inutes)




Fe6+ - f r e e  M icrosomes^ + NADPĤ 60 0 .06 2.2
Microsomes^ + NADPH 60 0.94 52.0
Microsomes^ + Gen.d + NADPH 60 1.64 85.6
Microsomes^ + F e6+ + NADPH 60 1.59 89.1
Microsomes^ + Fê "*" + Gen + NADPH 60 2.31 116.5
Fe6+ - f r e e  M icrosomes^ + A scorb ic a c id 70 0.16 2.4
Microsomes^ + A scorb ic  ac id 90 1.64 85.6
M icrosomes^ + Fê "*" + A scorb ic a c id 70 1.69 78.4
a) M icrosomes p rep a red  in  0 .15  M phosphate  b u f f e r  low in  Fê "*".
b ) Microsomes p repared  in  0 .15  M phosphate  b u f f e r  co n ta in in g  
abou t 2 X 10-6 ^  Fe3+.
c) 0 .3  m M
d) G luco se-6-phosphate  + G lucose-6-p h o sp h a te  dehydrogenase.
Com parative R e a c tiv i ty  of T h io l Compounds 
S ince th e  t h i o l  compound 2 -m e rc a p to a c e tic  a c id  was found to  be 
a c t iv e  as a nonenzymic s u b s t r a te  f o r  l i p i d  p e r o x id a t io n ,  i t  was o f i n t e r ­
e s t  to  de term ine  what o th e r ,  i f  any , th i o l  compounds m ight a lso  be
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a c t iv e ,  and to  what q u a n t i ta t iv e  e x te n t .  The r e l a t i v e  r e a c t i v i t i e s  w ith  
r e s p e c t  to  malonaldehyde fo rm ation  fo r  th e  t h i o l  compounds 2-m ercapto- 
a c e t i c  a c id ,  2 -m ercap to e th an o l, 2 -m ercap toe thy lam ine , D and L -c y s te in e , 
N -a c e ty l c y s te in e , c y s te in e  m ethyl e s t e r ,  and reduced g lu ta th io n e  are 
shown in  f ig u re  25. The only t h i o l  compounds o f t h i s  group which were 
a p p re c ia b ly  a c t iv e  in  a d d itio n  to  2 -m erc ap to ac e tic  ac id  w ere th e  D and 1 
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F igure 25. Comparative R e a c tiv ity  o f T h io l Compounds, 
s u b s t r a te s  incubated  a t  4 mM c o n c e n tra tio n  u n le ss  o th e rw ise  no ted .
A ll
A 2-m e rc a p to a c e tic  ac id  
•  2-m ercap to e th an o l 
0 — 0 2-m ercaptoethylam ine 
# #N -acety  c y s te in e
 ..........C ysteine m ethyl e s te r
0— 0 Reduced g lu ta th io n e  
kD -cysteine 2 mM 
-A L -cy ste in e  2 mM 
LD -cysteine 4 mM
CHAPTER IV
DISCUSSION
The r e s u l t s  o f the  a ttem p ts  to  dem onstrate  th a t  m alonaldehyde 
i s  th e  one m o lecu la r sp e c ie s  produced by th e  m icrosom al NADPH-oxidase 
l i p i d  p e ro x id iz in g  system , which re a c ts  w ith  TEA to  form a 532 mp 
abso rb in g  chromogen, a re  reg ard ed  as s u f f i c i e n t  ev idence th a t  m alonalde­
hyde i s  indeed  the  only  compound produced which forms a TEA chromogen. 
The th re e  c r i t e r i a  used to  e s ta b l i s h  the  id e n t i t y  o f m alonaldehyde; (1) 
th e  id e n t ic a l  r a te s  of r e a c tio n  o f  m alonaldehyde and the  p ro d u c t of 
l i p i d  p e ro x id a tio n  w ith  TEA, (2) a comparison o f th e  r e s u l t s  o f the p -  
n i t r o a n i l i n e  sp ec tro p h o to m etric  method fo r  malonaldehyde d e te rm in a tio n  
w ith  the  e thy l-p -am inobenzoate  and 4 ,4 '- s u l f o n y ld ia n i l in e  s p e c tro f lu o ro -  
m e tr ic  methods fo r  the e s tim a tio n  o f m alonaldenyde and th e  p roduct 
w hich forms a chromogen w ith  TEA, and (3) the  id e n t i t y  o f e lu t io n  be­
h a v io r  a t  two d i f f e r e n t  pH v a lu e s  on a Sephadex G-10 column fo r  bo th  
m alonaldehyde and the  q u a n t i ta t iv e  e lu t io n  of a l l  o f the TEA chromogen 
form ing m a te r ia l  in  one peak.
I t  was n ecessa ry  to  e s ta b l i s h  th a t  th e  l i p i d  p e ro x id a tio n  p rod­
u c t  re a c te d  w ith  TEA to  form a chromogen, w h ile  absorbed a t  532 mp, 
s in c e  the  d e te rm in a tio n  o f th i s  p roduct was to  be used fo r  s tu d ie s  where 
i t  was im p o rtan t th a t  th e re  be a s  l i t t l e  am biguity  as p o s s ib le  in  th e
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r e a c t io n  product de term ined , and used as an index  o f th e  m icrosom al 
l i p i d  p e ro x id a tio n  (27 , 2 8 ). The Lineweaver-Burk (double r e c ip ro c a l)  
p lo t s  o f  Mn^^, and Cô "*" ions as in h ib i to r s  o f  b o th  the  enzymic NADPH- 
ox idase  and th e  nonenzymic a sc o rb ic  a c id  fo rm atio n  of m alonaldehyde 
in d ic a te  co m p etitiv e  in h ib i t io n  o f  Mn^“̂  and Co^^ f o r  Fê "*” fo r  a common 
b in d in g  s i t e .  A d d itio n a l ev idence was o b ta in ed  f o r  co m p e titiv e  in h ib i­
t io n  when in h ib i to r  d is s o c ia t io n  c o n s ta n ts  (Kj. v a lu es)  were determ ined 
u s in g  th e  method d esc rib e d  by Dixon (6 ) ,  fo r  th e  in h ib i to r y  io n s  Mn^+, 
Co^"^, and Cê "*". As an a d d i t io n a l  t e s t  fo r  co m p e titiv e  in h ib i t io n  fo r  
the case  of NADPH used as s u b s t r a te ,  a p lo t  o f  V^/V^ was made, where 
is  th e  amount of m alonaldehyde formed when no in h ib i to r y  m e ta l io n  i s  
added, and i s  th e  amount o f  malonaldehyde formed a t  v a r io u s  a r b i t r a r ­
i l y  s e le c te d  in h ib i to r y  m eta l io n  c o n c e n tra tio n s . I f  th e  s lo p e s  o f the 
two such p lo t s  a re  d i f f e r e n t ,  u sin g  two d i f f e r e n t  Fê "*" c o n c e n tra tio n s , 
then  i t  i s  co m p e titiv e  in h ib i t io n  (Dawes) (5 ) .  The s lo p e s  a re  c le a r ly  
d i f f e r e n t  a t  two d i f f e r e n t  Fe^'*' c o n c e n tra tio n s  fo r  bo th  Mn̂ "*" and Cô '*' 
io n s  u sin g  NADPH as s u b s t r a te .  The same c o n d itio n  was a ls o  found using  
the Ce3+ ion as i n h i b i t o r ,  a lthough  th e  r e s u l t s  a re  n o t shown.
This co m p e titiv e  i n h ib i t i o n  may be s c h e m a tic a lly  re p re se n te d  as :
E + Fe^^ E ------Fê ~*~ ^  L ip id  P e ro x id a tio n
Fe3+ T IIti-Kj
E + I  - ^ T ? ------- 1  ►“ No L ip id  P e ro x id a tio n
where I  i s  th e  in h ib i to r y  m etal ion
Kjjj i s  th e  d is s o c ia t io n  c o n s ta n t o f  th e  E Fê "*" complex 
Kj i s  th e  d is s o c ia t io n  c o n s ta n t o f  th e  E I  complex
fo r b o th  the enzymic NADPH-oxidase system  and the  nonenzymic a sc o rb ic
VV oo
VV ii
-62+ ,-6 Mn M X 10M X 10Co
I_n
00
F ig u re  26. D e te rm in a tio n  o f  C o m petitive  I n h ib i t io n  From a P lo t  o f  th e  R a tio  o f  V /V 
A g a in s t th e  C o n c e n tra tio n  o f  I n h ib i to r y  Io n , fo r  Both Co and Mn^^ Ions. °  ^
I 6 X 10 f  M F e ^ r 
'3  X 10-G M Fe^+
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a c id  and 2-m e rc a p to a c e tic  a c id  system s.
Perhaps th e  most in t e r e s t in g  r e s u l t  o f  th e  d e te rm in a tio n  o f  the 
co m p e titiv e  in h ib i to r  d is s o c ia t io n  c o n s ta n ts  (Kj) fo r  Mn^" ,̂ Co^"^, and 
Ce^^ io n s  u s in g  NADPH, a sc o rb ic  a c id ,  and 2 -m ercap to ace tic  a c id  as sub­
s t r a t e s  was th a t  f o r  Mn̂ "*" the  v a lu es  were a l l  b a s ic a l ly  th e  same 
(a llow ing  f o r  a  ± 20% ex p erim en ta l e r r o r )  fo r th e  th re e  s u b s t r a te s  NADPH, 
a sc o rb ic  a c id ,  and 2 -m erc a p rto a c e tic  a c id . S im ila r ly  fo r  th e  Cô **" io n  
th e  Kj. v a lu e s  were the  same fo r  bo th  NADPH and a sc o rb ic  ac id  s u b s t r a te s .  
A gain, th e  Kj v a lu e s  fo r  Cê "*" were th e  same f o r  bo th  NADPH and a sc o rb ic  
a c id  s u b s t r a te s .  The s im i la r i ty  of th e  Kj values fo r  any o f th e  th re e  
in h ib i to r y  io n s  Mn '̂*', Cô "*", o r  Ce^’*’ w ith  th e  s u b s t r a te  NADPH ana a sc o rb ic  
a c id  i s  reg a rd ed  a s  n o t a c o in c id e n ta l  s i t u a t io n ,  b u t in d ic a t in g  th a t  
th e re  i s  one common b in d in g  s i t e  on th e  m icrosom al p ro te in  fo r  Mn^^,
Pe3+, Co2+ and Ce’"^.
The r e s u l t s  o f  th e  d a ta  from F igures 12 and 13 i n d i c a t .  a de­
pendency o f  m alonaldehyde fo rm ation  on the  co n c e n tra tio n  o f Fe^* p re se n t 
in  the  in c u b a tio n  system . I t  i s  in t e r e s t in g  to  n o te  th a t  th e  Kĵ  v a lu es  
f o r  Fe^+ f o r  a s c o rb ic  a c id  and 2-m erc a p to a c e tic  a c id  were alm ost id e n ­
t i c a l ,  b u t d i f f e r e d  from th e  v a lu e  o b ta in ed  f o r  NADPH as s u b s t r a te .  
A lso , when the  microsomes w ere h e a te d  a t  65° C f o r  one m inu te , so th a t  
a l l  enzymic NADPH l i p i d  p e ro x id iz in g  a c t iv i t y  was lo s t  (denatu red ) th e  
nonenzymic a s c o rb ic  ac id  and 2-m erc ap to ac e tic  a c id  m alonaldehyde forma­
t io n  a c t i v i t y  was r e ta in e d ,  and the Kĵ  va lues fo r  th e  two nonenzymic 
s u b s t r a te s  w ere aga in  a lm ost id e n t i c a l ,  b u t now s h i f te d  to  low er v a lu e s . 
This s h i f t  to  a  low er v a lu e  would seem to  in d ic a te  th a t  th e  b in d in g  
s i t e  has been a l te r e d  and th a t  i t s  a f f i n i t y  fo r  Fe^^ has now in c re a s e d .
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T h is , however, may no t be th e  ca se . I t  would seem more l i k e ly  th a t  the  
h e a t tre a tm e n t r e s u l t s  in  an unwrapping o r  u n fo ld in g  o f th e  p ro te in  
b in d in g  th e  Fe^"^, which exposes more Fê "*" lig a n d  b in d in g  s i t e s  and i n ­
c re a se s  th e  number o f b in d in g  s i t e s  a v a i la b le  fo r  a sco rb ic  a c id  o r  2-  
m e rc a p to a c s tic  a c id  b in d in g , thus in c re a s in g  th e  r a te  of r e a c t io n  and 
g iv in g  an apparen t low er v a lu e  fo r  Fe "̂*". I t  i s  probably  only c o in ­
c id e n ta l  th a t  th e  Fe^^ v a lu e s  fo r  a s c o rb ic  ac id  and 2-m e rc a p to a c e tic  
a c id  u s in g  h ea ted  microsomes a re  the  same as th e  v a lu e  f o r  th e  
unheated  enzymic NADPH-oxidase system .
As p re v io u s ly  d e sc r ib e d , m icrosom al l i p i d  p e ro x id a tio n  i s  i n ­
h ib i te d  by c e r ta in  compounds capab le o f fu n c tio n in g  as f r e e  r a d ic a l  
tra p p in g  a g e n ts . The e f f e c t  o f th e se  f r e e  r a d ic a l  trap p in g  compounds on 
m icrosom al l i p i d  p e ro x id a tio n  was determ ined  by observ ing  th e  e f f e c t  on 
O2 consum ption and m alonaldehyde fo rm a tio n , u s in g  both  th e  enzymic NADPH 
o x id ase  and th e  nonenzymic a s c o rb ic  a c id  system s. A ll o f th e  o rg an ic  
compounds capab le o f fu n c tio n in g  as f r e e  r a d ic a l  tr a p s  which were added 
to  th e  in c u b a tio n  system s in h ib i te d  b o th  O2 u t i l i z a t i o n  and m alonalde­
hyde fo rm a tio n , w ith  th e  ex ce p tio n  o f  a - to c o p h e ro l. In  com parison, a l l  
o f th e  f r e e  r a d ic a l  tra p p in g  compounds in tro d u ced  as d ie ta ry  a d d itio n s  
(14 day d i e t ) ,  excep t s a n to q u in , in h ib i te d  bo th  O2 u t i l i z a t i o n  and 
m alonaldehyde fo rm atio n . This seeming d isc rep an cy  may be on ly  a p h y s ic a l 
phenomenon in  which th e  a - to c o p h e ro l su sp en sio n  added to  th e  in c u b a tio n  
system  i s  n o t in c o rp o ra te d  in to  the  p ro p e r  locus o f  the m icrosomal mem­
b rane  so  th a t  i t  can fu n c tio n  as a f r e e  r a d ic a l  t r a p .  The d ie tairy  
san to q u in  i s  e i th e r  s im i la r ly  n o t in c o rp o ra te d  in to  the  p ro p er lo c u s  in  
v iv o , o r  i t  i s  m etabo lized  by th e  an im al and th e  m e tab o lic  p ro d u c t(s )
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ex c re ted  w ith o u t b e in g  in c o rp o ra te d  in to  the  p roper locus o f the  microso-r 
mal msmbrane, A pparently  o th e r  q u a l i t i e s  a re  re q u ire d  to  i n h i b i t  
microsomal l i p id  p e ro x id a tio n  than simply th a t  of th e  c a p a b il i ty  of 
fu n c tio n in g  as a f r e e  r a d ic a l  trap p in g  compound.
The f r e e  r a d ic a l  i n i t i a t i o n  o f a e ro b ic  o x id a tio n  o f s u l f i t e  ion  
i s  thought to  ta k e  p la c e  accord ing  to  the  re a c t io n s ;
X- + S0 “̂  — X" + SO3*
SO3. + O 2 —  SO3 + O y
Oj*+ HOO-
HOO* + + H O O ”
As shown in  Table 6 th e  a d d i tio n  o f 40 ymoles/ml in c u b a tio n  system  of 
s u l f i t e  io n  caused an in c re a se  in  the consumption o f  O2 . However, fo r ­
m ation of m alonaldehyde was somewhat in h ib i te d  fo r  the NADPH-oxidase 
system , b u t was n o t in h ib i te d  fo r  the a sc o rb ic  a c id  system . This i s  
somewhat s u rp r is in g  i f  th e  same r a d ic a l  sp e c ie s  i s  re sp o n s ib le  fo r  the  
a e ro b ic  i n i t i a t i o n  o f s u l f i t e  o x id a tio n . A pparently  th e re  i s  some 
e f f e c t  on th e  enzyme o th e r  than  ju s t  the  i n i t i a t i o n  of s u l f i t e  ox ida­
tio n  by a f re e  r a d ic a l  s p e c ie s ,  which i s  no t observed in  th e  case  o f th e  
nonenzymic a sc o rb ic  a c id  system . The in h ib i t io n  o f  both  Og u t i l i z a t i o n  
and m alonaldehyde fo rm ation  fo r  both  th e  enzymic NADPH-oxidase and the 
nonenzymic a sc o rb ic  a c id  system  by the a d d itio n  o f f re e  r a d ic a l  tra p p in g  
compounds bo th  in  v i t r o  and in  v ivo  (d ie t )  in d ic a te s  th a t  a f re e  r a d ic a l  
sp e c ie s  i s  formed in  th e  p ro cess  of microsomal l i p i d  p e ro x id a tio n .
62
The dem onstra tion  of th e  dependence on Fe^^ o f b o th  th e  enzymic 
NADPH-oxidase and th e  nonenzymic a sc o rb ic  ac id  and 2 -m erc ap to ac e tic  a c id  
c a ta l iz e d  l i p id  p e ro x id a tio n  fo r  Og u t i l i z a t i o n  and m alonaldehyde fo r ­
m a tio n , to g e th e r  w ith  th e  f a c t  th a t  Fe^"^ a l t e r s  th e  redox p o te n t i a l  o f 
c h e la te d  su lfh y d ry l compounds from a v a lu e  o f about - 0 .3  to  about 0 ,  and 
th e  known f la v o p ro te in  n a tu re  o f th e  NADPH-oxidase enzyme prompted us to  
c o n s id e r  the h y p o th e sis  th a t  th e re  m ight be an enzym ic complex, such as 
th a t  d ep ic ted  in  F igure  27 A, which con ta in ed  a re d u c ib le  s u lfh y d ry l 
group bound to  th e  p ro te in  ( re p re se n te d  by th e  r e c ta n g u la r  b a r)  and 
which m ight a ls o  have some o th e r  l ig a n d , such as a  c a rb o x y la te  group 
(F ig u re  27: B ), capab le o f b in d in g  Fe '̂*". Fe^^ bound to  the su lp h y d ry l of 
the  enzyme could  conceivab ly  a l t e r  th e  redox p o te n t i a l  o f th e  reduced 
enzyme, causing  the fo rm ation  o f some reduced oxygen f re e  r a d ic a l  
s p e c ie s  (F igure 27 B ), s im i la r ly  to  th e  case fo r  x a n th in e  o x id a se , and 
le a d in g  fu r th e r  to  r a d ic a l  a t ta c k  on th e  p o ly u n sa tu ra te d  f a t t y  a c id s  of 
the  m icrosom al membrane, causing  th e  observed l i p i d  p e ro x id a tio n  and 
m alonaldehyde fo rm atio n . The Fe^’̂’- p r o te in  would th e n  be c y c l ic a l ly  r e ­
duced by NADPH and o x id ized  by m o lecu la r Og.
However, an a l te r n a t e  pathway in v o lv in g  th e  re d u c tio n  o f the  
Fe^^ to  Fe2+ w ith  th e  fo rm ation  o f th e  "Og r a d ic a l  must a lso  be  con­
s id e r e d ,  as shown in  F igure  28. In  the  presence o f  Hf io n s  th e  ’OJ 
r a d ic a l  would be converted  to  th e  HOO* r a d ic a l .
The nonenzymic a sc o rb ic  a c id  and 2 -m ercap to ace tic  a c id -c a ta ly z e d  
l i p i d  p e ro x id a tio n  could  th en  be v is u a l iz e d  as ta k in g  p la ce  from th e  
p ro d u c tio n  o f f r e e  r a d ic a ls  formed by th e  o x id a tio n  o f  Fe^"^-protein  -  
s u b s t r a te  com plexes, as shown in  F ig u re  29. When o th e r  th io l  compounds
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were te s te d  fo r  nonenzymic l i p i d  p e ro x id a tio n  a c t i v i t y ,  i t  was found 
th a t  c y s te in e  was an a c tiv e  s u b s t r a te ,  b u t th a t  th e  N -acety l and methoxy 
e s te r  d e r iv a tiv e s  were n o t a c t iv e .  This would in d ic a te  th a t  a l l  th re e  
o f  th e  lig a n d s  o f c y s te in e  (-COO", -NH2 , and -SH) were re q u ire d  fo r  
b in d in g  to  th e  Fe3'*‘- p r o te in  complex fo r  l i p i d  p e ro x id a tio n  a c t iv i t y .
When the  s t r u c tu r e  o f  C yste ine  i s  a p p ro p r ia te ly  dep icted  (F igure  30 B) 
i t  can be seen  th a t  th e  th re e  lig a n d  groups a re  capable o f  having a 
s te re o -c o n f ig u ra t io n  fa v o ra b le  f o r  the  sim ultaneous b inding  o f a l l  th re e  
lig a n d s  to  a Fe^^ atom. Thus th e  N -ace ty l and methoxy e s t e r  d e r iv a tiv e s  
o f  c y s te in e ,  and reduced  g lu ta th io n e ,  would have one ligand  each b locked  
and in cap ab le  of com plexing w ith  th e  Fe^^ atom.
This su g g es ts  th a t  th e  p ro te in -b o u n d  Fe^"^ has a t  l e a s t  th re e  
weakly bound lig a n d s  (F igu re  30 A) where X, Y and Z are th e  th re e  e a s i ly  
d isp la c e d  lig a n d s  and th e  two a rc s  re p re s e n t th e  p ro te in  bound to  the 
Fe3+, which a re  e a s i ly  d isp la c e d  by th e  th re e  c y s te in e  l ig a n d s . Appar­
e n t ly  an io n ic  group such as ca rb o x y la te  i s  a ls o  re q u ire d , s in c e  2-  
m e rc ap to ac e tic  a c id  i s  a  very  a c t iv e  s u b s t r a te  fo r  nonenzymic l i p i d  p e r­
o x id a tio n , w hereas 2-m ercap to e th an o l and 2-m ercaptoethylam ine have 
l i t t l e  a c t i v i t y .  The mechanism fo r  r a d ic a l  fo rm ation  from an F e to ­
p r o te in  complex hav ing  3 e a s i ly  re p la c e a b le  l ig a n d s ,  for asco rb id  a c id , 
2 -m erc ap to ac e tic  a c id  and c y s te in e  i s  shown in  F igu re  31. The in h ib i ­
t io n  o f l i p id  p e ro x id a tio n  by th e  m etal ions Mn^O  ̂ Cô "*", and Ce tO would 
then  invo lve  the  fo rm ation  of th e  n o n re a c tiv e  o c tah ed ra l Mn̂ "*", Co^O, and 
Ce to complexes d e p ic te d  in  F igu re  30 C.
A th ree -d im e n sio n a l r e p re s e n ta t io n  o f  th e  su lfh y d ry l p r o te in -  
FetO complex as i t  m ight fu n c tio n  to  produce f r e e  ra d ic a ls  in  the
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enzymic NADPH-oxidase system i s  shown in  F igure 32, which: i s  analogous 







F orm ation .
F ig u re  32, 3-D im ensional Mechanism f o r  Enzymic Free R adical
CHAPTER V
SUMMARY
A product r e a c t in g  w ith  2 - th io b a r b i tu r ic  a c id ,  and formed by 
th e  m icrosom al e le c t r o n  t r a n s p o r t  system  re q u ir in g  NADPH2 and O2 , i s  
a s s o c ia te d  w ith  a  concom itan t p e ro x id a tio n  o f microsom al membrane l ip id s .  
The id e n t i t y  o f t h i s  p ro d u c t was e s ta b l is h e d  in  t h i s  study  to  be 
m alonaldehyde and i t s  mechanism o f fo rm ation  was s tu d ie d . I t  was 
determ ined  th a t  m alonaldehyde was th e  only  one o f th e  m o lecu la r sp ec ie s  
produced during enzymic NADPH-oxidase c a ta ly z e d  l i p i d  p e ro x id a tio n  which 
can r e a c t  w ith  2- t h io b a r b i tu r i c  a c id  to  form a chromogen ab so rb in g  a t  
532 my, and which cou ld  be used as an index o f l i p i d  p e ro x id a tio n  in  
t h i s  s tu d y . T his c o n c lu s io n  was based  on th re e  c r i t e r i a :  (1) a  compari­
son of th e  p - n i t r o a n i l in e  sp ec tro p h o to m e tric  assay  and (2) th e  e th y l-p -  
am inobenzoate and 4 ,4 '- s u l f o n y ld ia n i l in e  sp e c tro f lu o ro m e tr ic  methods fo r  
m alonaldehyde and th e  NADPH-oxidase ca ta ly z e d  l i p i d  p e ro x id a tio n  p ro d u c t, 
and ( 3) th e  id e n t i ty  o f the  e lu t io n  b eh av io r a t  two d i f f e r e n t  pH va lues 
on a  Sephadex G-10 column f o r  b o th  malonaldehyde and the  NADPH-oxidase 
c a ta ly z e d  l i p id  p e ro x id a tio n  2- th io b a r b i tu r i c  a c id - re a c t in g  p ro d u c t.
A k in e t ic  s tudy  of the  e f f e c t  of th e  in h ib i to ry  m e ta l ions 
Mn̂ "*", Co^* and Ce^* on b o th  th e  enzymic NADPH and nonenzymic a sc o rb ic  
a c id -c a ta ly z e d  l i p i d  p e ro x id a tio n  gave Lineweaver-Burk p lo ts  in d ic a tin g
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th e se  m e ta l Ions a re  co m p e titiv e  w ith  Fê "*" in  th e se  system s. The 
in h ib i to r y  d is s o c ia t io n  c o n s ta n ts ,  Kj v a lu e s ,  were th e  same fo r  b o th  the  
NADPH and a sc o rb ic  a c id  as s u b s t r a te s ,  w ith  any one o f th e  above in h ib ­
i t o r y  io n s ,  which in d ic a te s  a  common b in d in g  s i t e  fo r  Fe^"^ fo r  b o th  the  
enzymic and nonenzymic l i p i d  p e ro x id a tio n . The d is s o c ia t io n  c o n s ta n ts ,  
K^, fo r  Fe^"^ was determ ined fo r  NADPH, a sco rb ic  a c id ,  and 2-m ercap to - 
a c e t ic  a c id  used as s u b s t r a te s ,  u sing  microsomes p repared  in  a phosphate  
b u f f e r  low in  Fe^^ c o n te n t (5 .5  X 10“ ® M). Both th e  enzymic NADPH- 
o x id ase  and th e  nonenzymic a sc o rb ic  a c id -c a ta ly z e d  l i p i d  p e ro x id a tio n  
were in h ib i te d  by th e  f r e e  r a d ic a l  tra p p in g  compounds a n i l i n e ,  N -m ethyl 
a n i l i n e ,  d ipheny lam ine, and d ipheny lphenylened iam ine. Microsomes p re ­
p a red  in  phosphate  b u f f e r  low in  Fê "*" were in a c tiv e  w ith  re s p e c t  to  both 
enzymic NADPH and nonenzymic a sc o rb ic  ac id  c a ta ly z ed  l i p i d  p e ro x id a tio n .
An o c ta h e d ra l p ro te in -b o u n d  Fe^‘*‘ complex, th e  Fe^"*” bound by an 
-SH group and some o th e r  p ro te in  l ig a n d , i s  proposed as th e  c a t a ly t i c  
s i t e  o f m icrosom al l i p i d  p e ro x id a tio n . This complex has th re e  e a s i ly  
re p la c e d , weakly bound l ig a n d s ,  as dem onstrated by th e  a c t i v i t y  of 
c y s te in e ,  b u t th e  la c k  o f a c t i v i t y  o f th e  N -ace ty l and methoxy e s t e r  
d e r iv a t iv e s  o f c y s te in e  fo r  l i p i d  p e ro x id a tio n . An o c ta h e d ra l p r o te in -  
i n h i b i to r  complex i s  proposed fo r  the  th re e  in h ib i to ry  m e ta l io n s  Mn^^, 
Co^"^, and Ce®'*'. E i th e r  th e  HOO* o r "Og ra d ic a l  i s  proposed  as th e  re ­
a c t iv e  l i p i d  p e r o x id a t io n - in i t i a t in g  f r e e  r a d ic a l  s p e c ie s , and a l te r n a t e  
mechanisms a re  proposed fo r  bo th  the  enzymic and nonenzymic fo rm ation  of 
th e se  f r e e  r a d ic a ls .
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